Abstract-A novel beam-steering approach is presented based on the superposition of two squinted antenna beams. The two antenna beams are realized by exciting the opposite feeds of a dual-fed array antenna. A change in phase difference and amplitude ratio between the input signals, possibly using only one phase shifter and one variable gain amplifier, steers the main beam in different directions. Additionally, sum and difference patterns can be obtained using this concept, allowing for a monopulse operation with a broad peak or a deep null at broadside. Using this approach, beam nulls can also be steered toward interference directions, while keeping the shape and direction of the main beam unchanged. To verify the concept, a 77-GHz demonstrator using a linear patch array antenna and monolithic microwave integrated circuit in-phase/quadrature modulators has been designed and fabricated. The measurement results show a beam-scanning range of 16 , well in accord with the simulation results.
A Novel Millimeter-Wave Dual-Fed Phased Array for Beam Steering isolation of neighboring channels, and complex calibration of a whole system. Several new phased-array techniques have been developed to overcome these problems. In [6] - [8] , multiple channels, including phase shifters, are integrated on a single chip to reduce cost. Still, complexity and calibration problems may be cumbersome for such monolithic microwave integrated circuit (MMIC) designs. Also, the challenging interconnect issue between the transceiver front-end and many antenna elements still exists.
Reference [9] presents an electrically steerable microstrip antenna array composed of five elements at the 5.8-GHz industrial-scientific-medical (ISM) band. In this concept, phase shifters are added among patch elements of a bidirectional series-fed array. Although wide-range beam scanning is possible via this architecture, calibration and complexity barriers are still existing due to the number of required phase shifters for a large number of antenna elements ( phase shifters for radiating elements).
Reference [10] presents a beam-steering approach at 2 GHz by employing a single phase shifter to enable a low cost and less complex phased-array system. In this approach, a grounded phase shifter is connected to the nonfeeding end of a serially fed linear array, which provides a phase-shifted reflected signal back to the array. The vector sum of the incident and phaseshifted reflected signals at each radiating element in the array enables beam steering. However, in this concept, each antenna port requires a separate variable gain amplifier to avoid amplitude variation during phase tuning of the phase shifter. This paper presents a new electronic beamforming approach that requires only a single phase shifter and a single variable gain amplifier (or attenuator) for a complete bidirectional series-fed array, independent of the number of antenna elements, unlike a conventional phased array requiring one phase shifter for each channel. The main beam can be steered continuously to any direction within its maximum scan range with small variations in its gain. This approach eliminates the circuit complexity and cost, especially for the arrays with a large number of antenna elements. By using a hybrid ring coupler, monopulse techniques can be applied to track the direction of the target accurately as well [11] . The approach is highly robust against phase and amplitude errors on the RF path. Channel mismatch and crosstalk between neighboring RF channels are eliminated via this technique, since only two channels are employed.
The presented concept can be especially useful in applications where only a limited steering angle range is required. For example, it can be used for electronic adjustment of the elevation angle of a radar sensor, where even a small misalignment in 0018-9480/$31.00 © 2013 IEEE elevation can degrade the performance of the sensor. A steering range of less 10 can be sufficient in such cases.
Section II presents the operating principle and the topology of the new approach. Section III investigates the capabilities and limitations of the concept by simulating a linear patch array by means of a full-wave simulator at the operating frequency of 77 GHz. In Section IV-A, a 77-GHz MMIC transceiver that incorporates an integrated in-phase/quadrature (I-Q) vector modulator is characterized for use as a phase shifter and a variable attenuator in the test setup. Sections IV-B and V present the fabricated test setup and measurement results, respectively.
II. THEORY
The proposed design employs a series-fed bidirectional array, realized using planar patch antenna elements, as shown in Fig. 1 . The incident wave, feeding one of the two input ports, is distributed consecutively to each individual element, where a certain fraction of the incident power radiates, while the rest continues to propagate through feed lines to the next element until the remaining signal is terminated at the opposite port. This resembles the well-known traveling-wave antenna concept [12] . Using appropriate feed line lengths, a squinted antenna beam can be generated. By feeding an additional signal at the second input port, a superposition of two radiation patterns can be generated. The overall pattern can be obtained by the following equation:
where refers to the total radiation pattern, refers to the beam direction, and refer to the amplitudes, and and refer to the phases of the excitation signals at the input ports. The amplitude is normalized to and the phase difference is ps . ps refers to the phase difference between the excitation signals, refers to the array factor when only port 1 or port 2 is fed, and refers to the element factor of a single antenna element. The array factor for a linear patch array can be calculated as (2) (FIG. 2) with the antenna dimensions , , and the feed line length between the individual elements.
is the free-space wavelength, and is the guide wavelength of the feed line. The amplitude distribution between the antenna elements can be calculated as (3) where is the transfer function of a single antenna element, and is the number of antenna elements. By adjusting the coefficients, the antenna can be designed to have a desired radiation pattern and still retain a good antenna efficiency, i.e., only little power reaches the opposite end of the antenna.
To achieve the maximum scan range of without amplitude deviation, the antenna factor must adhere to (4) This allows continuous steering of the antenna beam maximum from with over using ps to at . Larger scan ranges can be achieved if some amplitude variation is accepted.
III. SIMULATION AND OPTIMIZATION
To investigate the beam-steering capabilities, a microstrip linear array was designed and simulated using a 0.127-mm-thick RO3003 substrate [13] . Planar arrays are attractive for use in millimeter-wave applications due to their low cost, low profile, and simple integration with the rest of the circuit [14] . As shown in Table I , all patch elements have the same size in the same array. The length of each patch element is taken slightly shorter than half of the guide wavelength in microstrip at the desired operating frequency because of the fringing effects at the edges of radiating patches [12] . The width of each patch determines the excitation amplitude . However, higher order modes appear if the width is very wide. Each patch is connected to the high-impedance microstrip feed lines from both sides. The width of the feed lines, , is 0.1 mm, compared to a 50-microstrip line having a width of approximately 0.32 mm. For different array configurations, only the number of patches and the length of feed lines are varied. Using the parameters listed in Table I , the linear array, shown in Fig. 2 with the number of rectangular patch elements , is simulated at the operating frequency of 77 GHz. Fig. 3 shows the simulated beam-steering capability of this array configuration. A continuous beam scan up to 14 can be achieved, which is shown in the same figure. The maximum beam direction can be found when the antenna is fed one of its ports, whereas the other port acts as a termination, as in a traveling antenna case. All sidelobe levels are lower than 10 dB. Fig. 4 shows the sum and difference antenna beams of a linear array configuration consisting of five microstrip patches with 1.5-mm-long feed lines . The sum pattern can be obtained with a 180 phase difference of the supplied signals. This pattern has a half power beamwidth (HPBW) of 18 with a directivity of 12.5 dB. The first sidelobe levels are lower than 22 dB. The difference pattern is obtained via a 0 phase difference. The broadside null radiating beam has a dynamic range higher than 40 dB. The main beams look to the directions of 12 with the HPBW of 15 . The maximum directivity of the difference pattern is almost 3 dB less than the maximum directivity of the sum pattern. Amplitude and phase errors induced by the millimeter-wave components on the RF path lead to increased sidelobe levels, deviation in the desired direction of the main beam, and reduction in directivity [15] . This concept is highly robust against these errors. Fig. 5 shows effects of amplitude and phase errors between both channels on an overall radiation pattern. For validation, the sum pattern, shown in Fig. 4 , is used. Fig. 5(b) shows that a phase error up to 30 leads to almost no change in the beam direction and HPBW of the main lobe. Steering one or more null beams of the radiation pattern toward some interferences without affecting the performance of the main beam is especially very important for wireless communication systems [16] , [17] . By the variation of the phase difference between the two ports, the null beams can be directed in the desired directions, as shown in Fig. 5(b) . Fig. 5 (a) plots different simulated patterns including an amplitude error up to 1.94 dB ( 20% deviation from the original value). This error causes almost no change in the beamwidth and only a 1 shift at the direction of the main beam, whereas the directions of the sidelobes remain unchanged. Fig. 6 (a) and (b) shows the effect of the number of elements on the scan range by keeping the length between patch elements the same. Only mm ensures a continuous beam scan with
, whereas an array employing ten elements cannot provide a continuous beam scan anymore (only a discrete beam scan is possible). Table II shows a comparison of the simulation parameters for three arrays with a different number of antenna elements . The length of the feed lines is optimized for a maximum continuous beam steering within the given scan range at 77 GHz. An increase in the number of elements decreases the maximum beam scan range, whereas the HPBW becomes narrower and the directivity increases. A maximum scan range of 32 is possible using a four-element linear array with 0.8-mm-long feed lines. Increasing the number of radiating elements leads to higher total efficiency, which is defined as the ratio of the total radiated power to the total input power supplied to the linear array, including mismatch. phase value. Therefore, a beam is always directed to the broadside direction, independent of the amplitude and phase values of the input signals, fed into the array. The maximum scan range increases if is shorter or longer than . According to the simulation results, the grating lobes appear within the field of view if is chosen very large. The total efficiency has its minimum if is long although this dimensioning leads to the highest directivity. The longer the feed lines are, the narrower the HPBW is. There are slight changes in terms of maximum sidelobe levels, as shown in Table III .
IV. PROTOTYPE
The proposed design allows for the control of phase and amplitude progressions by using a phase shifter and a variable gain amplifier in each channel (Fig. 7) . A dual-fed patch array or a waveguide slot array can be employed as an antenna. If a narrow beam is desired in the -plane, a planar array should be used.
To change the phase difference and the amplitude ratio of the supplied millimeter-wave signals, an I-Q vector modulator will be employed in the dual-fed antenna setup, which controls both the amplitude and phase values of the signal simultaneously. A 77-GHz MMIC I-Q transceiver module based on a silicon-germanium heterojunction bipolar transistor (SiGe HBT) technology will be characterized in Section IV-A in detail. Fig. 8 shows building blocks of the fully integrated I-Q transceiver module. This module has been designed and used for a 77-GHz phased-array radar transmitter in [18] . It comprises a fully differential active I-Q vector modulator in its transmitter path [19] . To deliver sufficient output power to the antenna port, a medium power amplifier is used. Since only the I-Q modulator is of interest, only the transmitter path of the transceiver is characterized.
A. 77-GHz SiGe MMIC I-Q Vector Modulator
This SiGe chip is based on fully integrated differential cascadable transceiver circuits. The total die size of the chip is 1028 m 1128 m. Total power consumption of the complete transceiver is 320 mW (from a single 3.3-V voltage supply). To track power and temperature processes continuously, on-chip temperature and power sensors were built. Maximum output power is 5 dBm. Output referred P1 dB is 4 dBm.
A test setup has been built to control the amplitude and phase values of the transmitter signal by controlling the input currents of the I-Q modulator. The values are recorded in a lookup table and later used in the beam-steering prototype. The current control signals are generated using a commercial data acquisition card (DAQ). Since the existing DAQ card cannot generate current signals directly, the generated output voltages are converted to current signals in a control board. The I-Q transceiver chip itself is wire-bonded on an RF test board, shown in Fig. 9 . The RF board consists of the I-Q transceiver chip, bond compensation circuits, millimeter-wave planar rat-race baluns, and coplanar probe pads for each millimeter-wave port. The -parameters are measured using on-wafer probes and a two-port millimeter-wave vector network analyzer. The measured -parameters and the IF control signals settings are saved to allow the calibration of the I-Q modulators. The insertion losses due to the baluns, bond compensation circuits, and wire bonds are not de-embedded from the measurements.
The forward transmission characteristics [ (dB) and (deg)] in the frequency band from 75 to 81 GHz are plotted for different amplitude and phase states, where the control input currents of , , , and have been swept from 0 to 7 mA with different steps. The common mode current level for the input currents is 3.5 mA. In Fig. 10 , different amplitude states are plotted. By adjusting the control IF current signals, conversion gain can be varied up to 20 dB, as plotted in Fig. 10 . Phase imbalance is within 15 between 75-81 GHz. Fig. 11 shows the transmission characteristics for different phase states. As seen in Fig. 11(a) , the I-Q transceiver provides a continuous phase shift from 0 to 360 from 75 to 81 GHz with almost consistent conversion gain ( 6.5 dB) with respect to the phase shift and the frequency change, shown in Fig. 11(b) . Amplitude imbalance is within 1 dB at 77 GHz. The measured input and output reflections are less than 8 dB at 77 GHz. Fig. 12 shows the fabricated antenna test setup employing two active I-Q vector modulator MMICs to demonstrate the full capability of an electronic scanning. The outline of this setup is shown in Fig. 7 . A 127-m-thick RO3003 substrate with an electric permittivity of 3 was used in the demonstrator. The measured insertion loss of a microstrip line on the same substrate is 1.2 dB/cm at 77 GHz. The fully grounded dielectric substrate was glued to an FR4 board for stability. Between each I-Q MMIC and the linear array, the measured line loss is 8.1 dB at 77 GHz. The effect of the output return losses of each I-Q transceiver, shown in Fig. 11(b) , are compensated using these long lines not to degrade the antenna performance. The reverse isolation of the I-Q modulator is better than 25 dB and ensures stable operation even when a part of the transmit signal is reflected back from the antenna. The MMICs were glued on the FR4 board using silver epoxy and contacted to a surrounding printed circuit board (PCB) using gold bond wires. The MMICs are mounted in cavities to avoid height differences for the bond wires.
B. Fabrication and Test Setup
The dual-fed antenna is characterized as a transmitter antenna at the desired frequency since the characterized I-Q vector modulator is in a transmitter path of a transceiver MMIC. The radiation field in azimuth was measured on the rotating table in the anechoic chamber. A 20-dB standard horn antenna connected to the external -band mixer and the spectrum analyzer was used as the receiver antenna.
The I-Q vector modulator uses a digitally controlled current source to convert the IF current signals to the desired phase and amplitude values.
In Fig. 12 , the RF board with a five-element linear array antenna and two I-Q transceivers is shown. The dimensions of the antenna are the same as given in Table I .
The millimeter-wave signal is generated using a signal generator with an output power of 0 dBm. It is split into two in-phase parts to feed the two I-Q transceiver MMICs on the PCB using a WR-10 waveguide to microstrip transition. The maximum output power from each of the two I-Q transceivers for an amplitude control current of 7 mA is, therefore, dBm dB dB dB dB dBm. The insertion losses of the waveguide transitions are less than 0.5 dB at 77 GHz [20] . They are placed vertical to the -plane of the antenna array to avoid disturbance of the beam steering.
V. MEASUREMENT RESULTS
The measurements are performed at the operating frequency of 77 GHz within a field of view of 40 with 1 steps. Fig. 13 shows the normalized measured and simulated sum /difference patterns in the -plane. The simulations were carried out including the linear array, bends, and the transmission lines until the outputs of the MMICs, as shown in Fig. 12 . The antenna is fed from both sides in the measurements. If the phase difference ps between both feeds is 180 , the sum pattern is generated looking to the broadside. If the phase difference is 0 , the dual-beam (difference) pattern is generated, which looks to the 10 directions. The sum pattern is 3 dB higher than the peaks of the difference pattern. The gain difference between the sum and difference patterns is almost 25 dB at the broadside. The cross-polarized radiation pattern in the -plane is better than 25 dB at the broadside. The setup can also be used in receive mode, using the IF outputs of the I-Q modulator as receivers. This allows employing monopulse techniques using the sum and difference patterns.
The maximum measured beam-steering angle for this antenna configuration is 8 in the -plane, when the amplitude ratio and the phase difference are adjusted to the given values, shown in Fig. 14 . Normalized measurement and simulation patterns are plotted for 0 and 8 directions. The HPBW of the main beams is 16 and the measured sidelobe levels are lower than 15 dB. By setting the amplitude and phase values of the signals of both ports, the direction of the main beam can be steered to any direction within this scan range.
Since the active wire-bonded I-Q modulators have been used, the antenna gain could not be measured properly. However, since the received power using a 20-dB horn antenna at the receiver side, the distance between two antennas, the output powers of the I-Q transceiver MMICs, and the transmission line losses between the MMICs and the linear array antenna are known, the measured gain was calculated as 9.6 dBi using the Friis transmission equation. Considering the uncertainty of the gain estimation, this fits well to the simulated gain of 9.9 dBi.
After analysis of the proposed concept, a comparison between the proposed phased array and other dual-fed phased arrays in the literature is given in Table IV . The proposed array achieves a narrower scan range compared to the designs, shown in Table IV . However, the setup presented here requires just two phase shifters and the achieved scan range can fulfill the applications, as explained in Section I. This work shows a gain variation of just 0.2 dB in the entire scan range. Moreover, the proposed antenna array has a much lower sidelobe level. The proposed phased array architecture can also be used as a monopulse antenna.
VI. CONCLUSION
A dual-fed phased-array concept has been developed to allow for beam steering in a limited scan range with reduced complexity. Only a single phase shifter and a variable gain attenuator are required to realize electronic scanning. By changing the amplitude ratio and the phase difference of the supplied signals through opposite feeds, the beam can be steered to different directions. The robustness of the concept against gain and phase errors has been verified by simulating a dual-fed linear array configuration. Full-wave simulation results show that a beam scanning up to 32 is possible using a four-element phased array with this new approach. To validate the design, a five-element phased-array transmitter has been fabricated and characterized at 77 GHz, showing a 16 scanning range with sidelobe levels lower than 15 dB, which is in close agreement with the simulation results. Additionally, sum and difference patterns have been realized using the same setup, allowing for a monopulse operation with a null deeper than 25 dB at broadside.
